. As a result, nitrification only occurs in conventional 7 biofilm reactors when the organic carbon concentration is low.
8
A membrane aerated biofilm reactor (MABR) has been proposed as a promising 9 alternative to the conventional biofilm reactors (Timberlake et al., 1988; Hibiya et al., 2003;  10 Yamagiwa et al., 1994; Pankhania et al., 1994) . In the MABR system, the biofilm develops 11 on the outside surface of a hollow fiber membrane. O 2 is supplied from the inner side of the 12 membrane to the bottom of the biofilm, whereas organic carbon in wastewater is supplied 13 from the biofilm surface. Consequently, nitrification can occur at the bottom of the biofilm,
14
where O 2 concentration is high and the organic carbon concentration is low due to diffusion 15 limitation, resulting in the stable nitrification capacity of the reactor. Timberlake et al.
16
(1988) reported that with combined organic carbon removal, nitrification and denitrification 17 occurred simultaneously in the single MABR. They suggested that the occurrence of a 18 vertical stratification of nitrification, aerobic heterotrophic oxidation, denitrification and 19 anaerobic fermentation zones from the bottom to the surface of the biofilm. In practice, 20 Hibiya et al. (2003) verified that ammonia-oxidizing bacteria were mainly distributed inside 21 the biofilm and denitrifying bacteria were mainly distributed outside the biofilm in a MABR 22 using the fluorescence in situ hybridization method. Furthermore, de Beer et al. (1997) Hachinohe, Japan. During the batch-fed cultivation period, the bulk liquid was completely 29 withdrawn, and a fresh PSTE was filled daily. After initial cultivation with the PSTE, the 30 MABR was operated in continuous flow mode with a synthetic medium. The medium 31 composition and operating conditions for each MABR are summarized in Table 1 to run-5. When the MABRs were operated at lower COD loading rates (run-2 to run-5), the 4 biofilms had a fluffy structure and were brownish in color. The thickness of the biofilms was 5 less than 2.1 mm (Fig. 4) . Visual observations indicated that the biofilm attachment areas 6 accounted for about half of the total membrane surface area on day 40 during run-2 to run-5.
7
Therefore, O 2 diffused directly into the bulk liquid without utilization by microorganisms in 8 the biofilm. O 2 concentrations in the bulk liquid fluctuated between 0 and 2 mg/L (Fig. 2I ).
9
The partial attachment of the biofilm might be explained by low organic carbon loading rate 10 and sloughing of the biofilm due to liquid flow in the reactor and air pressure from the 11 bottom of the biofilm. NH 4 + oxidation occurred immediately after switching to the 12 continuous-feed operation on day 0 and reached maximum rates within 10 days during run-2 13 to run-5 (Fig. 3A) . NO 2 -oxidation was achieved within 30 days (Fig. 3B) . Consequently, we 14 can conclude that the intra-membrane air pressures applied in this study had no effect on the 15 start-up and the maximum rates of nitrification in the MABRs at a low COD loading rate, 16 whereas at a high COD loading rate the MABR had to be operated with a high 17 intra-membrane air pressure for stable nitrification. A possible explanation for the complete 18 nitrification at the low intra-membrane air pressure is that nitrification occurred in the 19 deeper parts of the biofilms, as discussed below.
20
COD removal rates were less than 0.15 g-COD/m 2 /day (corresponding to ca. 60% 21 COD removal) in run-1 and run-2 (Fig. 3C ). These low rates were due to fluctuations in the 22 COD loading rate. In contrast, the COD removal rates increased during start-up periods and 
26
The rates of organic carbon removal and nitrification for the various types of MABRs 27 are summarized in Table 3 . Yamagiwa et al. (1994) 
31
In contrast, nitrification rates were lower with the laboratory scale permeable-support 1 biofilm reactor (Timberlake et al., 1988) and the laboratory scale hollow fiber membrane 2 bioreactor (Pankhania et al., 1994) , although organic carbon removal was achieved. This 3 was attributed to either a low pH, a short retention time of biomass by backwashing, a mass 4 transfer limitation due to a thicker biofilm, or the lack of fully developed nitrification zones.
5
Therefore, simultaneous occurrence of organic carbon removal and nitrification in this 6 study could be a result of lower organic carbon loading rates and operation without 7 backwashing.
8
In addition to organic carbon removal and nitrification, total nitrogen (TN) removal 9 occurred, although the rates were lower than the nitrification rates (Fig. 3D) . TN removal 10 rates on day 40 were ranged from 0.12 to 0. anoxic zones were first detected on day 37. Since the biofilm thickness increased thereafter 30 without obvious sloughing, the anoxic zones expanded. The development of anoxic zones in 31 the biofilms coincided with the increase in the TN removal rates (i.e. denitrification rates) 1 after day 37 and day 41 in run-4 and run-5, respectively (Fig. 3D ).
2
The O 2 concentrations at the membrane surface ranged between 1.7 -4.7 and 1.3 - were estimated on the basis of the measured profiles (Fig. 6 ).
19
These results represent the potential nitrification capacity of the biofilms in the MABRs 20 because no organic carbon was added to the medium for microelectrode measurements. In 21 contrast to the measurements under in situ conditions (Fig 4) , O 2 was not depleted in all 22 biofilms (Fig. 5) . This was probably due to the absence of organic carbon in the medium for respectively. The intra-membrane air pressures applied in this study had no effect on the 22 start-up and the maximum rates of NH 4 + oxidation in the MABRs at a low COD loading rate,
23
whereas at a high COD loading rate the MABR had to be operated with a high 24 intra-membrane air pressure for stable nitrification.
25
(2) Microelectrode measurements directly revealed O 2 profiles in the MABR biofilms. 
6
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